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ABSTRACT  Voltage-dependent ionic currents were  recorded from squid giant fiber lobe 
neurons using the whole-cell patch-clamp technique. When applied to the bathing solution, 
methadone was found to block IK, INa, and/Ca. Both IYa and/ca were reduced without appar- 
ent change in kinetics and exibited ICs0's of ~50-100 and 250-500 I~M, respectively, at + 10 
mV. In contrast, IK was reduced in a time-dependent manner that is well fit by a simple model 
of open channel block (KD =  32 -+ 2 ~M, +60 mV, 10~  The mechanism OflK block was ex- 
amined in detail and involves a direct action of methadone, a tertiary amine, on K channels 
rather than an opioid receptor-mediated pathway. The kinetics of IK block resemble those re- 
ported for internally applied long chain quaternary ammonium (QA) compounds; and recov- 
ery from IK block is QA-like in its slow time course and strong dependence on holding poten- 
tial. A quaternary derivative of methadone  (ALmethyl-methadone) only reproduced the ef- 
fects of methadone on IK when included in the pipette solution; this compound was without 
effect when applied externally. I K  block thus appears to involve diffusion of methadone into 
the cytoplasm and occlusion of the open K channel at the internal QA blocking site by the 
protonated form of the drug. This proposed mode of action is supported by the pH and volt- 
age dependence of block as well as by the observation that high external K  + speeds the rate of 
drug dissociation. In addition, the effect of methadone on IK evoked during prolonged (300 
ms) depolarizations suggests that methadone block may interfere with endogenous K  + chan- 
nel inactivation. The effects of temperature, methadone stereoisomers, and the methadone- 
like drugs propoxyphene and nor-propoxyphene on IK block were examined. Methadone was 
also found to block IK in GH3 cells and in chick myoblasts. 
INTRODUCTION 
Methadone  represents  a  class  of synthetic  I.~-opioid- 
receptor agonists including propoxyphene, commonly 
known as Darvon  (Eli Lilly, Indianapolis, IN), that are 
similar to morphine in their receptor-binding proper- 
ties and  analgesic  actions. Although  the pathways un- 
derlying opioid receptor-mediated analgesia are amply 
documented, opioid agonists can induce a multitude of 
effects other than  analgesia  (Martin,  1984).  Some  of 
these effects cannot be reversed by opioid receptor an- 
tagonists, and therefore may be unrelated to opioid re- 
ceptor occupancy by the drug (Oron et al., 1992; Calli- 
garo et al., 1988; Walker et al., 1985). Such nonopioid 
effects have been reported for both methadone  (Choi 
and Viseskul, 1988; Leander and McCleary, 1982; Stick- 
ney, 1977) and propoxyphene (Barraclough and Lowe, 
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1982; Strom et al., 1985). Various nonopioid cardiovas- 
cular effects associated with  propoxyphene poisoning 
have  been particularly well  documented  and  include 
bradycardia,  asystole, bundle  branch  block,  widening 
of QRS complex, reduced myocardial contractility and 
hypotension  (Amsterdam  et  al.,  1981;  Heaney,  1983; 
Sorensen et al., 1985). 
In several cases the mechanism underlying the non- 
opioid action of opioid agonists has been shown to in- 
volve a direct interaction between the drug and voltage- 
dependent Na channels.  For example, propoxyphene 
was initially found to exert a local anesthetic-like effect 
on  cardiac  action  potentials  (Nickander  et al.,  1979; 
Holland and  Steinberg,  1979).  Later investigation re- 
vealed  that  propoxyphene  and  its  major  metabolite 
nor-propoxyphene block Na current, in a manner simi- 
lar  to  local  anesthetics;  exhibiting  both  use  depen- 
dence and slow recovery from block (Whitcomb et al., 
1989).  Whitcomb  et  al.  (1989)  further demonstrated 
that lidocaine, a local anesthetic, both speeds recovery 
of INa from propoxyphene block and is clinically effec- 
tive at reversing some nonreceptor mediated effects as- 
sociated with propoxyphene poisoning (QRS widening 
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like lidocaine, can  directly block the Na channel pore 
and  that propoxyphene  toxicity may be  attributed,  in 
part, to direct Na channel block. The K-opioid receptor 
agonists  U-50488H  and  U-54494A  also  block  Na  cur- 
rent  in  a  nonreceptor-mediated  fashion  (Alzheimer 
and ten Bruggencate,  1990;  Zhu and Im,  1992).  Inter- 
estingly, the anticonvulsant action of U-54494A appears 
to depend upon its ability to directly block Na channels 
as well as its ability to bind  to  K-opioid receptors  (Fis- 
cher et al., 1993). Finally, a variety of opioid agonists in- 
cluding  methadone  have  been  shown  to  inhibit  the 
binding  of batrachotoxin  to  Na  channels,  indicating 
that many opioids can bind to Na channels with//as in 
the IzM range  (Creveling et al., 1985). 
These examples demonstrate not only that some opi- 
old  agonists  can  directly block  Na  channels  but  also 
that such  a  mechanism  can  contribute  significantly to 
the clinical side effects or even  the primary actions of 
these drugs. However,  the ability of opioid agonists to 
interact directly with ion channels other than Na chan- 
nels has  not been well characterized. The  question  of 
whether opioid agonists can directly block K + or Ca  2+ 
channels is of particular interest, because activation of 
opioid receptor-coupled pathways  typically lead  to  an 
enhancement  of IK or  inhibition  of /Ca  (reviewed  by 
North,  1986).  Thus,  nonopioid  actions  on  IK and  /Ca 
might be expected to modulate  a  drug's opioid-recep- 
tor mediated  response.  Such  an  effect, even if it were 
not clinically important, could prove relevant to the in- 
terpretation of studies involving opioid-receptor medi- 
ated pathways. 
The  present  study  demonstrates  that  methadone 
blocks voltage dependent  K +, Ca  2+ and Na  + currents in 
squid  neurons.  Propoxyphene  and  norpropoxyphene 
are similar to methadone  in their ability to block IK in 
this preparation. Several lines of evidence suggest that 
these effects are not mediated by opioid receptors but 
rather involve direct interactions between drug and ion 
channel. The mechanism of IK block by methadone  was 
examined  in  detail  and  is  adequately  described  by  a 
model developed for block by internal quaternary am- 
monium  (QA) compounds  (Armstrong, 1971). The re- 
sults  of  this  study  reveal  some  interesting  aspects  of 
methadone  action  that  may reflect interaction  of the 
aromatic  portion  of  this  compound  with  the  inner 
mouth  of the  K  channel  pore.  These  effects  include 
temperature-dependent  and  stereospecific interaction 
of methadone  with  its binding site as well as interfer- 
ence with endogenous  K channel inactivation. In addi- 
tion,  the  characteristics of Ig block and  the  ability of 
methadone  to block IK in other tissues  (GH3 cells and 
chick  myoblasts)  raise  the  possibility  that  IK  block, 
might  contribute  to  the  nonopioid  toxicity of metha- 
donelike opioid receptor agonists such as propoxyphene. 
METHODS 
Cells 
Giant fiber lobe neurons from the squid Loligo opalescens  were iso- 
lated and maintained as previously described (Gilly and Brismar, 
1989). K  + and Ca  z+ currents were recorded from cells which had 
been in culture <3 d, whereas Na  + currents were recorded after 
3-5 d  (Brismar and Gilly, 1987).  GH3 cells were obtained from 
the American Type Tissue Culture Collection  (Rockville, MD) 
and maintained under standard conditions (Matteson and Arm- 
strong,  1986).  Chick myoblasts were  isolated from  day 4  limb 
buds,  plated on  coverslips coated with  collagen  (3  mg/ml  in 
0.012  N HC1; Vitrogen 100, Collagen Corp., Palo Alto, CA) and 
maintained for 2  d  before use  as small myotubes  (Miller and 
Stockdale, 1986). 
Voltage Clamp 
Currents  were  recorded with  the whole-cell patch-clamp tech- 
nique  (Hamill et al.,  1981)  using an EPC-7  amplifier (Medical 
Systems, Greenvale, NY). Electrodes were pulled from 0010 glass 
(Garner Glass,  Claremont, CA)  and  coated with Sylgard (Dow 
Coming, Midland, MI). Currents were filtered using an 8-pole 
Bessel filter (Frequency Devices Inc., Haverville, MA) with a cor- 
ner frequency of 10 kHz and were digitized at 20 kHz with a 14 
bit A/D converter. The bath solution was grounded though an 
agar bridge filled with 10K-ASW (see solutions below), and the 
liquid  junction potential between internal and external solutions 
(-10 mV) has been ignored. Currents were leak-subtracted with 
a P/4 procedure (Armstrong and Bezanilla, 1974).  Pipette access 
(series) resistance was electronically compensated and the resid- 
ual access resistance (0.4 to 1 Mf~) was estimated from compen- 
sation settings and used to correct the pipette voltage  (Vv) at 
which current was recorded. The corrected pipette voltage, V  m, 
was used in plotting current-voltage relationships and in deter- 
mining the voltage and dose dependence of steady state IK block. 
Residual series resistance error was  <10  mV for all data pre- 
sented in this paper. Recordings involving squid neurons were 
carried out at 10~  unless otherwise indicated. In experiments in- 
volving temperature  changes,  T was  measured  directly with  a 
thermistor probe in the bath solution. Recordings from GH3 and 
chick cells were carried out at 20~ 
Solutions and Current Isolation 
Drug application and solution exchange were accomplished by 
perfusing the chamber with 10-20 vol of drug solution (requir- 
ing 1-3 min). No sign of delay in the onset of block or washout of 
block was observed after solution changes. 
Solutions used  for  recording from  squid  neurons  were  de- 
signed to isolate I~, Ina, or lea. These solutions were adjusted to 
980 mosM (internal) or 1000 mosM (external), and, unless oth- 
erwise indicated, pH was adjusted to 7.4 at 10~ 
K  + current was recorded using a variety of internal and exter- 
nal K  + concentrations. The  convention "external//internal" is 
used to indicate these concentrations in each experiment. The 
standard external solution (10KASW) contained (in millimolar) 
10 KC1, 450  NaCI,  10  CaC12, 50  MgClz, and  15  HEPES.  1 mM 
CdCI~ and 200  nM TTX were included to block Ca  2+ and Na  + 
currents, respectively. High K  + solutions (50-400 mM K) were 
made by substituting KC1 for NaC1 on an equimolar basis. The in- 
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KCI, 10 K2-EGTA,  and 15 HEPES; K-glutamate was added to yield 
total K  + levels of 100-400 mM and sucrose was added to adjust 
the osmolarity.  In some experiments a 50 K internal solution was 
used that contained (in millimolar) 420 A~methyl-D-glucamine, 
400 glutamic acid,  5 K-glutamate,  25 KF, 20 KC1, 10 EGTA, and 
10 HEPES.  For experiments involving changes in external pH 
both internal and external solutions contained 50 mM HEPES. 
Na + current was recorded with an external solution containing 
(in millimolar) 470 NaCI, 50 MgC12, 10 CaC12, 10 HEPES, 5 CsCI, 
and  1  CdCI2. The  internal solution contained 230  TMA-glu- 
tamate, 120 Na-glutamate, 50 NaF, 25 NaC1, 25 TEA-C1, 10 Na2- 
EGTA, and 10 HEPES. Ca  2§ current was recorded with an exter- 
nal solution containing (in millimolar) 30 CaCI  2, 450 TRIZMA 
7.2 (Sigma Chemical Co., St. Louis, MO), 50 MgCI~, 10 HEPES, 5 
CsC1, and 200  nM TTX. The  internal solution contained 350 
TMA-glutamate,  70 TMA-C1, 50 TMA-F, 10 EGTA, and 10 HEPES. 
Recording solutions for GH3 and chick myoblasts were as fol- 
lows: external =  130 NaCl, 5 KCI, 5 CaCI~, 2 MgCI2, 10 HEPES, 
200 nM TTX; and internal =  85 K-glutamate,  10 KC1, 25 KFI, 10 
EGTA, 10 HEPES. All solutions were adjusted to 280 mosM and 
pH 7.4. 
Drugs 
Methadone  stereoisomers,  propoxyphene-HC1,  and  norpro- 
poxyphene maleate were provided by the National Institute of 
Drug Abuse (NIDA). (_+)  N-methyl-methadone  was synthesized by 
reacting equimolar amounts of (-+)methadone (Sigma Chemical 
Co.)  and methyl iodide in ethyl acetate overnight at room tem- 
perature. The resulting crystals were washed in cold ethyl acetate, 
and recrystalized  twice from MeOH/H20. ALmethyl-methadone 
was applied through addition to  the  pipette solution. Control 
currents were obtained immediately  after attaining the whole-cell 
configuration (allowing ionic equilibration), drug affected cur- 
rents were recorded when block kinetics had stabilized, generally 
within 15 min after attaining the whole-cell configuration. 
RESULTS 
Methadone Block of  Ionic Currents Is Not Mediated by 
I~-Opioid Receptors 
When applied externally to squid neurons at concen- 
trations of 50-500 p~M, methadone blocks voltage sensi- 
tive K +, Na +, and Ca  2+ currents (Fig.  1). INa (Fig.  1 B) 
and  Ic~  (Fig.  1  C)  are  reduced  without  appreciable 
change in kinetics, whereas I  K (Fig. 1 A) is reduced in a 
distinctly time-dependent manner  during a  single de- 
polarization. Morphine, like methadone, is an opioid 
receptor agonist that preferentially binds to  ~-type re- 
ceptors. Application of 350 ~M morphine to squid neu- 
rons, however, has no detectable effect on I  K (Fig. 1 D), 
INa, or Ic~  (data not shown), nor does naloxone, a  po- 
tent opioid antagonist, inhibit the ability of methadone 
to block IK in squid neurons  (data not shown). Thus, 
the blocking action of methadone  described here  ap- 
pears to be unrelated to the drug's activity as a Iz-opioid 
receptor agonist. Indeed, in the case of I K block, several 
lines of evidence presented below suggest that metha- 
done directly interacts with the K channel at an inter- 
nal site; a  mechanism that does not involve binding of 
methadone to any opioid receptor. 
The molecular structure of methadone (Fig. 1 E) sug- 
gests that its ability to block IK, INa, and/Ca may involve 
direct  interaction with  ion channels.  Methadone  is  a 
membrane permeant tertiary amine that is structurally 
similar to local anesthetics (LA) such as tetracaine (Fig. 
A  B 
IK 
V= +60 rn~  INa  Methadone  5 ms  /-  .~  Control 
2nA  ""~  ~50gM  I  i,   co+ol 
,[  .  ' .  "~ 500 ~tM  +10 mV + 
Methadone  30 ms 
D  E 
C 
ICa  Methadone  30 ms 
+10 mV  Control  : 
+30 mV  ,,Control  ..n  fCH  3 
v~  CH3CH2--C --C -- CH  -C ~N 
~" 350 JaM  HO  ~N-CH3  Jt 0  /  2  I  O  CH  3  CH3 
Morphine  (-) Methadone 
2nAI 
Morphine  30 ms 
O  CH  3 
Tetracaine 
FIGURE  1.  Externally  applied  metha- 
done blocks IK, INa, Ir a in squid GFL neu- 
rons. Currents were isolated as described 
in the methods section.  (A) IK evoked by 
30-ms depolarizations to +60 mV from a 
holding potential of -60 mV in the pres- 
ence  of  indicated  concentrations  of 
(-)methadone  (10K//100K).  Control 
records,  in the absence of drug, were ob- 
tained immediately before application or 
after  washout  of  each  drug  solution. 
Some rundown of control IKwas  observed 
over the 80-min time course of the exper- 
iment  thus  drug  records  were  scaled 
based upon the decline in amplitude of 
their corresponding controls.  The scale 
bar corresponds to the illustrated control 
which was obtained in conjunction with 
the 100 ~.M drug trace. The order in which the drug traces were recorded, along with their scaling factors, are: 200 ~M (0.83), 100 jxM 
(1.0), 500 p~M (1.0), 50 p~M (1.38). (B) tN~, recorded in response to 5-ms depolarizations to +10 mV (Hp =  -80 mV) before and during 
application of 50 o~M (+)methadone. (C)/ca evoked by 30-ms depolarization to +10 mV (Hp =  -80 mV) in 30 mM external Ca  2+ in the 
presence of the indicated concentrations of (_+)methadone.  (D) IK evoked by 30-ms depolarizations to +30 mV is unaffected by applica- 
tion of 350 p.M morphine, the three superimposed traces include control, drug and washout  (E) The molecular structure of (-)metha- 
done (chiral center indicated) is compared to that of morphine and the local anesthetic tetracaine. 
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ions  (QA).  Like methadone,  some LA's such  as tetra- 
caine and  dibucaine  have been  reported  to block K +, 
Na  +,  and  Ca  2+  currents  (Carmeliet et al.,  1986;  Nara- 
hashi  et al.,  1969;  Sugiyama and  Muteki,  1994).  Simi- 
larly,  QA ions such  as C9  (Armstrong,  1971)  can also 
block both IK and INa (Rojas and Rudy,  1976).  Mecha- 
nisms  underlying  Na  +  channel  block  by LA and  K + 
channel block by QA compounds have been studied ex- 
tensively  (reviewed  by  Armstrong,  1975;  Stanfield, 
1983;  Hille,  1992),  and  the blocking action of metha- 
done  on  IN~ and  IK, are  suggestive  of similar  mecha- 
nisms  that do  not involve occupancy of opioid recep- 
tors. Although methadone is thought to be capable of 
acheiving a morphine-like tertiary structure that allows 
it to bind to opioid receptors  (Gero,  1954),  morphine 
is not a tertiary amine and clearly differs from local an- 
esthetics  (Fig.  1 E). Thus, it is not surprising that mor- 
phine failed to reproduce the LA-like action of metha- 
done on ionic currents in squid neurons. 
The bulk of this paper is devoted to a detailed analy- 
sis of the  effects of methadone on  I K. First,  a  general 
picture of the effects on/Na and ]Ca is presented. 
INa and Ica Block 
Effects of methadone on  INa, recorded  in response  to 
5-ms depolarizations in the presence of 244 mM inter- 
nal  Na +  are  illustrated  in  Fig.  2.  In  100  p~M external 
(+-)methadone both inward and outward INa, are sub- 
stantially  reduced  relative  to  the  control  (Fig.  2  A). 
Maintained  outward  currents  under  these  conditions 
are carried by Na  + (Gilly and Brismar, 1989). Although 
currents were recorded in 1 mM Cd 2+ to reduce Ic~, re- 
sidual/ca is probably responsible for the inward current 
flowing  at  the  end  of  the  largest  depolarization  in 
methadone. 
INa was  studied  in  isolation  by examining  prepulse- 
sensitive current  (Fig.  2  B)  (Gilly and Brismar,  1989). 
Fig.  2  B indicates  that prepulse-sensitive  INa evoked at 
+ 10 and +60 mV is blocked by methadone with no ap- 
parent change in kinetics and that the degree of block 
is not appreciably voltage dependent (see also Fig. 2 C). 
Similarly the  steady state  inactivation-voltage relation- 
ship  (not shown)  is not affected by methadone. These 
results are consistent with a local anesthetic-like "tonic" 
(resting)  block of Na channels similar to the effect of 
tetracaine  (Hille,  1977). An approximate value for the 
IC5o for IN~ block can be estimated from Figs. 1 and 2 to 
lie between 50 and 100 p~M at +10 mV. 
Unlike many local anesthetics,  methadone produces 
little use-dependent  block of INa- When  evoked by re- 
petitive depolarization to +70 mV (5-ms pulses at 4 hz, 
Hp  =  -80  mV)  in 50  p~M  (_+)methadone,  INa showed 
only a  20%  use-dependent  reduction  in  peak  ampli- 
tude (data not shown). Repetitive depolarization at this 
rate to +10 mV had no detectable effect on peak IN~. 
INa  1 nA 1 
I ms 
B 
-80 
100 JaM Methadone 
]  f60 
5ms  ~ L~'O 
V ,mV, 
ram.  .,,)Methadone 
~  2"~Control 
/ 
+10 mV V 
8 
Control 
100 I.tM 
Methadone 
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FIGURE 2.  IN~ block  by methadone.  (A) 
Families of INa, evoked by 5-ms depolariza- 
tions (-50 to +60 mV in 10-mV  steps) be- 
fore (control) and during application of 100 
p.M  (+-)methadone. Inward  and outward 
Na  + current are seen because 244 mM Na  + 
is  present  in  the  internal  solution.  (B) 
Prepulse-sensitive INa, recorded at + 10 and 
+60 mV in  the presence and absence  of 
100 p.M (-+)methadone.  A 50-ms prepulse 
to -15 mV preceded each of the voltage 
steps. This completely inactivates the tran- 
sient component of IN~. Prepulse-sensidve 
IN~  , was obtained by direct subtraction  of 
currents  obtained  with  and  without  a 
prepulse.  (C) Peak INa-voltage  relationships 
for prepulse-sensidve current. A 
ICa  30 ms 
\ 00  f  gM Methadone 
Control / 
Control  30 ms 
200 gM Methadone  ,a  i 
C  O.5 
-6o  _-4,~  -2o 
-5 
-1.1 
-L5 
-2.0 - 
-2.5 
Ica(nA) 
V(mV) 
2o  4o  60,  s0, 
'  '  ~  S00 ~lM Methadone 
200 glv] 
Control 
FIGURE  3.  /Ca  block  by  methadone. 
(A) Normalized Ca  2+ currents recorded 
at + 10 mV in the presence and absence 
of 500 tzM (_+)methadone  (from Fig. 1 
C) exhibit identical kinetics. (B) Fami- 
lies of Ic~ evoked by 30-ms depolariza- 
tions  to a range of potentials  (-50 to 
+60 mV in  10-mV steps)  in  the  pres- 
ence and absence of 200 trM (_+)metha- 
done.  (C)  /ca-voltage relationships  ob- 
tained at the indicated methadone con- 
centrations.  The control and 200  tzM 
methadone  plots  correspond  to  the 
records  in  B.  Control  current was re- 
corded after washout of 200 p~M metha- 
done  from the  external  solution.  500 
tzM methadone was applied following 
the control. 
Ca  ~+ currents were recorded in response to 30-ms de- 
polarizations in the  presence of 30 mM external Ca  2+ 
and absence of both internal and external K + and Na +. 
As  suggested  by  the  records  illustrated  in  Fig.  1  C, 
methadone does not alter/ca kinetics, and this is better 
demonstrated by comparison of scaled traces recorded 
at +10 mV, before  (control)  and during application of 
500 IxM methadone illustrated in Fig. 3 A. 
/Ca records evoked over a range of depolarizations in 
the  presence  and  absence  of 200  ~M  methadone  are 
shown in Fig.  3  B.  The  /ca-voltage relationships  corre- 
sponding  to  these  data  and  to  those  obtained  in  500 
p,M methadone are plotted in Fig. 3 C. In this case (un- 
like that for INa) /Ca block appears to be voltage depen- 
dent. Little or no block is observed at -10 and -20 mV 
but block around the peak of the current-voltage rela- 
tionship  (~+20  mV)  is significant and exhibits an ap- 
proximate IC5o between 200 and 500  p,M.  The voltage 
dependence of/ca block was not studied in further detail. 
Methadone Is an Open Channel Blocker of I  K 
Control IK (Fig. 4 A) was evoked in response to a 25-ms 
depolarization to +80 mV (HP =  -70  mV) and repre- 
sents maximal activation of K + conductance  (gK). After 
application of 100 lzM (-)methadone,  IK begins to acti- 
vate normally in response to depolarization but is then 
blocked in a  time-dependent manner, declining expo- 
nentially to a  steady state level that represents  27%  of 
control  (Fig. 4 A). This behavior is well described by a 
simple model of open-channel block, that assumes no 
block at rest (Fig. 4 B). Control current is modeled ac- 
cording  to  the  scheme  presented  by  Gilly  and  Arm- 
strong (1982).  Steady state I K in methadone represents 
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an  equilibrium  between  open  and  blocked  channels 
with an equilibrium constant KD =  (L/K) where K and 
L  represent  the  rates  of drug  block and  dissociation 
from  the  open  channel  and  K is  proportional  to  the 
methadone concentration. 
The effect of varying concentrations of drug seen in 
Fig.  1 A is well fit by the assumption that the blocking 
rate  (K)  is directly proportional to the drug concentra- 
tion. This point is illustrated in Fig. 4  C by a  Hill plot 
derived  from the  data in  Fig.  1  A. A  linear  fit to this 
data  indicates  a  Hill  coefficient of 1.2,  implying  that 
methadone  blocks the  K  channel  by binding with  1:1 
stoichiometry. Given the above model, the apparent K  D 
for  block  can  be  determined  from  the  relationship 
K  D =  [fo/(1-fo)]  ￿  [methadone] wherefo is the steady 
state fractional block (Ia~g/Icontrol).  Thus, the apparent 
KD for methadone block is 38  +  4  tzM  (mean -+ SEM) 
from the  records in Fig.  1 A  or 32  +  2  tzM  (n  =  17) 
based upon data from 12 cells. 
Methadone Blocks K Channels at an Internal Site 
The model of open-channel block used to account for 
the effects of methadone is the same as that used to de- 
scribe  the  action  of internal  QA  on  IK  (Armstrong, 
1971).  This similarity, along with the ability of metha- 
done to induce LA-like block of INa, suggests that meth- 
adone, like QA and LA, may act at an internal site. To 
test this hypothesis, the effects of a permanently charged 
and  presumably  membrane-impermeant  quaternary 
derivative  of  methadone  ((+) N:methyl-methadone) 
were examined. 
When applied externally, 1 mM/~methyl-methadone 
has  no  effect on  IK, INa, or  Ica  (not  illustrated).  How- A  C 
V=+80 mV  .- Fit  1.4 
￿9 Control  1.2 
~e~  1.0 
~  0.8 
,,Fit  0.6 
-  - "100 ttlV[ 
2 hA[  Methadone  0.4 
!  ~  0.2 
25 ms  o.0 
B  -o.2 
, 
C  ~  C  a--~  C  a~  C  a--~ C  ~--'~ O  *r  -0.4 
L  sb  7b  ~6o  ~o  ~o 
[Methadone]  (~tM) 
FIGURE 4.  IK is blocked by methadone 
in a manner consistent with open-chan- 
nel  block.  (A)  K +  current  evoked  at 
+80 mV in response to a 25 ms depolar- 
ization in the presence and absence of 
100 ~M  (-)methadone  (100K//200K) 
is compared to predictions (solid curves) 
of the model illustrated in the accompa- 
nying kinetic diagram  (B). An instanta- 
neous  '~jump"  in  current  is  observed 
upon  depolarization  and  the  baseline 
was set to the inflection of the current 
trace  (initially  sampled  at  10-us  inter- 
vals).  The model for control I s  is con- 
ventional (based on Gilly and Armstrong, 1982), and the rate constants are (in ms  -l) c~ =  9, c~'  =  0.9, L  =  0.096, K =  2.6 ms  -~ mM -~. C 
represents a closed state, O  the open state and OB is the methadone-blocked state. (C) Methadone blocks the potassium channel by bind- 
ing with 1:1 stoichiometry. A Hill plot of steady state block data obtained in conjunction with the experiment depicted in Fig. 1 A demon- 
strates that points fall on a best fit straight line with a slope (Hill coefficient) of 1.21  (R =  .99). Determination of steady state block involved 
comparison of IK at the end of a  30-ms depolarization in methadone (/drug) to the corresponding control data (Icon~ol). Control and drug 
records for each drug concentration were obtained over a range of V (+60 to +80 mV). The resulting I-Vrelationships were compared at 
+60 mV after correcting V for series resistance error (see Methods). 
ever, IK is strongly reduced in the presence of internal 
500 p~M (+)A~methyl-methadone (added to the pipette 
solution)  (Fig. 5). Control current in Fig. 5 A was evoked 
immediately  after  attaining  the  whole-cell  recording 
configuration  before  drug  could  diffuse  throughout 
the cell. After 15 min perfusion time a pattern of time- 
dependent block similar to that seen with externally ap- 
plied methadone was evident. The kinetics of Iz in 500 
p.M ~methyl-methadone are similar to those in 500 p.M 
(-)methadone  (Fig.  1  A),  suggesting  that  both  sub- 
stances are equally potent at blocking I K. Similarly, the 
values  for steady state  fractional  block  (fo),  obtained 
from these  records,  are  0.067  and  0.060  for 500  p.M 
~methyl-methadone and (-) methadone, respectively. 
These  results  indicate  that  permanently  charged 
methadone is ineffective when applied externally and 
suggest that methadone as a  tertiary amine permeates 
the membrane in an uncharged form, becomes proto- 
nated in the internal medium and acts internally as the 
charged form. The high pKa exhibited by methadone 
(9.64)  (Kaufman  et  al.,  1975)  also  implies  that  the 
charged form is  the  active species,  because  nearly all 
drug molecules  (>99%)  should be charged at physio- 
logical pH. The pH and voltage dependence of metha- 
done block (see below) further support this conclusion. 
Methadone-blocked K + Channels Can Inactivate 
Further characterization of the action of methadone is 
easier to understand if interpreted in the framework of 
a plausible model. The simple model of open channel 
block presented in Fig. 4 accurately describes the kinet- 
ics of I  K in the presence of methadone only if control I K 
exhibits little or no inactivation. However, K + currents 
recorded  from  many  GFL  neurons  do  inactivate  to 
some  extent,  and  for these  cells  methadone's  action 
could not be accounted for by the simple model. This 
section  shows  that  such  records  can  be  fit when  the 
model is extended to allow inactivation of both open 
and methadone-blocked channels. 
In  the absence of drug,  K + current evoked by pro- 
longed (300 ms) depolarization of GFL neurons slowly 
inactivates with a  time constant of ~50 ms at 10-12~ 
(Llano and  Bookman,  1986).  The degree of inactiva- 
A 
V=+60mV~  '  ~  ~  ~Control 
2 nA [  )  500 gM 
N-Methyl-Methadone  30 ms 
CH  3 
cn3c.2-c-c-c-2-c~-~CH3 
o~  CH  3 CH  3 
N-Methyl-Methadone 
FIGURE  5.  Internally  applied  N-methyl-metha- 
done reproduces the effect of methadone on I s. 
(A) I  s evoked at +60 mV immediately after attain- 
ing the whole-cell configuration  (control) and af- 
ter 15 min with a pipette solution containing 500 
p,M  (_+)N-methyl  methadone  (10K//50K).  (B) 
The chemical structure of N-methyl-methadone. 
248  Methadone Block of K + Current in Squid Neurons tion varies from cell to cell, and typically the current re- 
maining at the  end of a  300-ms depolarization repre- 
sents from 20 to 80% of peak Is (unpublished data). In 
cells  that  exhibit  minimal  inactivation,  the  decay  of 
peak Is during a 20-ms depolarization is negligible and 
the effects of inactivation can be ignored when analyz- 
ing the much faster block by methadone. This point is 
illustrated  by  the  example  in  Fig.  4  A  where  I  X,  re- 
corded in the presence of methadone, reaches a steady 
state level as predicted by the model. However, in a cell 
that displays significant inactivation of control Is (Fig. 6 
A) this is not the case. I  X  recorded during a 20-ms depo- 
larization  in  methadone  continues  to  decline  after 
block  has  apparently  reached  the  equilibrium  pre- 
dicted by the simple model above. 
Models of open channel block that include inactiva- 
tion from both the open and blocked states were exam- 
ined in an attempt to account for this discrepency. In 
Fig. 6 A control Is is well fit [Fit(A)] by a model (Fig. 6 
B,  kinetic diagram A)  which assumes  that inactivation 
proceeds  from  the  open  state  (O)  to  an  inactivated 
state  (I) at a rate 7  =  0.016 ms  -1. On a short time scale 
(i.e., 20 ms) backward transitions from/to  O can be ne- 
glected for the purposes of this model. The methadone 
trace in Fig. 6 A can be well fit [Fit(C) ] by a scheme (ki- 
netic diagram C)  that assumes identical  (control) rates 
of inactivation from both open and open-blocked states. 
An alternative  model  [kinetic diagram B, Fit(B)],  that 
allows inactivation only from the open state clearly fails 
to  reproduce  the  slow  decline  of I  s .  Both  models  of 
block fit the initial rise and fall of I  s equally well [using 
identical rates of block (K) and unblock (L)]. The abil- 
ity of the  models  to  accurately account for the  rapid 
block kinetics is consistent with the assumption of a sin- 
gle  population  of K  channels  underlying the  control 
currents.  In turn this  implies that if more than one K 
channel  subtype  is  significantly  represented  in  GFL 
neurons  (Nealey et al.,  1993)  then they are equally af- 
fected by methadone. 
The  results  presented  in  Fig.  6  suggest  that  both 
blocked and  unblocked K  channels  enter  inactivated 
states  at a  similar  rate  during a  20-ms depolarization. 
Consequently,  the  model  represented  by kinetic  dia- 
gram C is used throughout the remainder of this paper 
in order to fit the kinetics of Is evoked by brief depolar- 
izations in the presence of methadone. The model ac- 
curately reproduces the slow decline of Iz observed in 
methadone for a  variety of cells that exhibit different 
degrees of inactivation. These fits are used in interpret- 
ing  effects  of membrane  potential,  pH,  temperature 
and  methadone  stereo-isomers  on  the  rates  of block 
(K)  and unblock (L). However, it is important to point 
out that assumptions about inactivation  do not affect 
the  ability  of the  model  to  fit  the  initial  kinetics  of 
block and therefore do not affect determination  of L 
and  K.  Moreover, inactivation in  the following experi- 
ments is far less prominent than in  the  case of Fig.  6 
which represents an extreme example. 
Voltage Dependence of lK Block 
The degree of steady state block of Is by methadone in- 
creases  with  depolarization  over  a  range  of voltages 
where K + conductance (gK) is maximally activated, sug- 
A 
V=+70 mV 
~  -  Control 
:  "~FitlAt 
2"A I 
I 
2 ms  20 ms 
Models: 
(AI  c ~:~  o 
I 
(m  c ~:~ o ~  oB 
I 
/Fit(B)  (C)  C..a:.a'~  0  ~-OB 
--  ~Methadone 
"~FitlC)  y~  L  ~y 
I  IB 
FIGURE 6.  Blocked K channels can inac- 
tivate  (A)  I  X evoked at  +70 mV before 
(control) and  during  application  of 200 
~M methadone  (200K//200K).  Control 
current is well fit (fit A) by a model where 
channels proceed from an open state (O) 
to an inactivated state (I) at a rate 7 (B, 
diagram A). The drug trace can be fit (fit 
C)  by a  model  (diagram  C)  which as- 
sumes that both open and blocked chan- 
nels inactivate at the control rate (7). Fit 
B is based upon a model that does not al- 
low inactivation from  the  blocked state 
(diagram B), and can not reproduce the 
decline in steady state current  observed. 
Control and and methadone traces repre- 
sent the averaged response to 20 and 36 
depolarizations, respectively (5.5-s inter- 
vals, Hp =  -60 mV). Individual current 
records were indistinguishable. (B) Mod- 
els incorporating both inactivation and block are indicated by kinetic state diagrams. IB is the blocked-inactivated state. As in Fig. 4 B the 
model incorporates five closed states. These states and the transitions among them are abbreviated by a single dashed arrow between C and 
O. The rate constants are (in ms  -1) a  =  9, cx' =  1.5, 7  =  0.016, L  =  0.078, K =  2.4 ms  -1 mM  -1. 
249  HORRIGAN AND GILLY gesting an intrinsic  voltage dependence  to the  metha- 
done-channel interaction  (Fig. 7 A). A semilogarithmic 
plot of the apparent KD as a function of membrane po- 
tential  (Fig. 7 B) indicates an exponential dependence 
on voltage with an e-fold decrease in Kn per 102 mV de- 
polarization.  The direction and magnitude of this volt- 
age dependence is similar to that determined for a vari- 
ety  of  QA  compounds  in  squid  axon  (reviewed  by 
Yellen,  1987)  and in Shaker  K + channels  (Choi et al., 
1993). 
Because steady state block is determined by the rates 
of block (K)  and unblock  (L), the voltage dependence 
of each rate constant was also examined.  K and L were 
determined  by fitting the kinetics of I s  block at differ- 
ent Vusing model  C described in conjunction with Fig. 
6. Plots of L and K in Fig. 7 B indicate an approximately 
symmetrical  voltage  dependence,  with  L  decreasing 
e-fold  per  210  mV  depolarization  and  K  increasing 
e-fold per 200 mV. These results are consistent with the 
expected  effects  of depolarization  on  movement  of a 
positively charged  drug  between  the  cytoplasm  and  a 
binding site  that lies  a  small distance within  the mem- 
brane electric field. 
Voltage dependence  of the blocking rate  (K)  is con- 
sistent with findings of Swenson (1981) concerning the 
action  of various  QA  ions.  However,  the  measurable 
voltage dependence of the rate of unblock (L) in meth- 
adone contrasts with  these  previous findings. The volt- 
age dependence of L may in part be explained by an in- 
teraction of methadone with external  K +. While Swen- 
son observed no effect of external K + on the kinetics of 
block by CsTP during a depolarization, such an effect is 
seen for methadone. Fits obtained to I K in the presence 
of methadone  in  10 and 200 mM external  K + indicate 
an increase in L with increasing  [K+]: L  =  0.067 -+ .004 
ms -1  (mean  +  SEM,  n  =  4,  +60  mV)  in  10  mM  K + 
while  L  =  0.10  +  .005  ms -1  (n  =  4,  +60 mV)  in  200 
mM K +. This K + dependence is consistent with the idea 
that  methadone  occupies  a  site  in  the  channel  pore 
and can therefore  interact with  external  K +. The volt- 
age  dependence  of L  for methadone  was determined 
in 50 mM K + and  may, therefore,  involve an effect of 
membrane potential on movement of external K + into 
the  channel,  rather  than  a  direct effect of voltage  on 
drug dissociation. 
pH Dependence of lK Block 
Changes in external pH  (pHo)  do not affect the ability 
of internally  applied  N:methyl-methadone  to  block  IK 
(data  not shown).  However methadone  block of I K is 
highly dependent  upon pHo in a way that is consistent 
with  an  internal  site  of drug  action.  Fig.  8  shows  I  K 
evoked at  +60  mV in the  presence  and  absence  (con- 
trol)  of 200 wM external  methadone at pHo 7.4 and 6.5. 
Control currents were not significantly affected by pH, 
but currents  evoked in the  presence  of methadone  at 
pH 6.5 exhibit both reduced levels of block and altered 
kinetics in comparison to those recorded at pH 7.4. Fits 
to these  data,  illustrated  in Fig. 8, indicate  that the  ef- 
fect of pH  o on methadone block can be accounted for 
by a  10.8-fold reduction in the rate of block  (K)  at pH 
6.5 vs 7.4 whilst holding L constant. 
Because  the  rate  K is  directly  proportional  to  drug 
concentration  (Fig.  4),  the  10.8-fold  reduction  of  K 
with reduced pHo is equivalent to an identical  10.8-fold 
decrease in the concentration of methadone at the site 
of block. Since methadone has a high pKa (Kaufman et 
A  B 
f~  +80 
f  6O 
~.~  +10 
2 nA[ 
5 ms  Control  40 
200 p~M Methadone 
,  .......  ,  _ 
100- 
80 
Y'D 
2O 
0  20  40  60  80 
Membrane Potential (mV) 
0.4 
0.3 
'0.2  ~ 
g 
-0.1  ~ 
FIGURE 7.  IK block is voltage de- 
pendent.  (A)  IK recorded over a 
range of activating  voltages  (0  to 
+80 mV)  with,  and without,  200 
p.M  methadone  present  (50K// 
100K).  K  +  conductance  is  maxi- 
mally  activated  even  for  the 
smaller  pulses.  (B)  Intrinsic  volt- 
age  dependence  of  steady  state 
methadone  block  corresponding 
to data in panel A is indicated by a 
semilogarithmic  plot  of  /~  (/eft 
axis)  as  a  function  of activating 
voltage, where the apparent KD = 
[fo/(1  -L)]  ￿  [methadone] and 
the fractional block ~  = /methadone/ 
/,'o,,,rol) were determined at the end 
of the  30-ms depolarization.  The 
best fit straight line indicates  an e-fold change in Ko per 102 mY. Rates of block (K) and unblock (L), plotted on the same graph (right 
axis), were obtained by fitting the data in A using model C shown in Fig. 6. Linear regressions  to this data indicate an e~fold change in rate 
constant per 200 mV (K) or 210 mV (L). 
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FIGURE 8.  The strong pH-dependence of I  K block by methadone 
is shown by records obtained at +60 mV before (control)  and dur- 
ing application of 200 p.M methadone at external pH of 6.5 or 7.4 
(10K//50K).  Control records show little dependence on pH. Fits 
to the data (corresponding to model C, Fig. 6 B) are superimposed 
on the current traces. The rate constants are  (in ms-l): ~  =  9.5, 
c( =  1.0, ~/= 0.003, L  =  0.055, K =  1.4 ms  -1 mM  -1 (pH 7.4); c~ = 
8.5, c~' =  1.05, ~/= 0.005, L =  0.055, K =  0.13 ms -1 mM -1 (pH 6.5). 
al.,  1975)  and  exists primarily in  the  charged form at 
physiological pH, a decrease in pHo by 1.0 will have lit- 
tle effect (0.5%  increase)  on the concentration of pro- 
tonated  methadone  (Me +)  in  the  external  solution. 
However, the same change in pH  o reduces the external 
concentration  of  uncharged  (membrane  permeant) 
methadone (Me) by a factor of 10, resulting in a 10-fold 
decrease in the  internal  concentration  of Me.  The in- 
ternal concentration  of Me + should also decrease by a 
factor of 10 because the ratio  [Me+]i :[Me]i is constant 
for  constant  internal  pH.  Thus,  decreased  block  ob- 
served in reduced pHo is consistent with the predicted 
effect of pH on  the  concentration  Me + at an internal 
blocking site. 
The  above arguments  imply that  the  concentration 
of methadone  at its blocking site depends  upon  both 
the  applied drug  concentration  and  the  difference in 
pH between internal and external solutions. Therefore, 
we normally attempted to maintain equal pHi and pH  o 
such that the blocking drug concentration and applied 
drug concentration were equivalent. However, a differ- 
ence between internal  and  external pH of only 0.2  U 
should theoretically alter the ratio of internal to exter- 
nal methadone by factor of 1.58.  Such a strong pH ef- 
fect may account for variability in  the degree of block 
and  rate of block  (K)  that were observed between  ex- 
periments with  the  same applied drug concentration. 
Such  variation, within  an  experiment,  was minimized 
by including 15 mM HEPES buffer in both internal and 
external solutions. This precaution assured that pH did 
not vary with the amount of drug that was added to the 
stock  solution  and  that  changes  in  temperature  af- 
fected internal and external pH equally. 
Recovery of lK from Methadone Block 
Recovery of IK from block in  the  presence of 200  ~M 
methadone was examined using a  double pulse proce- 
dure  as illustrated  in  Fig.  9.  During  the  initial  20  ms 
conditioning pulse, IK activates to a  peak and then de- 
clines to a steady state, representing equilibrium block 
of K channels by methadone  (Fig. 9  A). After a  5,600- 
ms recovery interval at  -90  mV, a  second  (test)  pulse 
evokes IK with a reduced peak amplitude in comparison 
to the  first, indicating  that some fraction of K + chan- 
nels were still  blocked  (and  therefore,  unable  to acti- 
vate)  at the start of the second depolarization.  Full re- 
covery of peak current requires ~30 s at -90  mV, but 
recovery is much faster at more positive holding poten- 
tials (Fig. 9 B). 
Even at -  70 mV, recovery from block is at least an or- 
der of magnitude slower than would be expected if this 
process  simply reflected  the  rate  of drug  dissociation 
from the  open blocked state  (L  =  ~0.1  ms -1  at  +60 
mV). Furthermore  the slight voltage dependence  of L 
(increasing at more hyperpolarized potentials) is in the 
wrong  direction  to  account for a  slowing  of recovery 
from block with hyperpolarization. Similar recovery be- 
havior has been reported in connection with both QA 
block (Armstrong, 1971)  of K channels and LA block of 
Na channels  (Yeh and Tanguy,  1985).  These phenom- 
ena  have  been  attributed  to  a  mechanism  by which 
drugs  are  'trapped' at  their  binding  sites when  chan- 
nels  enter  a  closed-blocked state.  The  above data  are 
consistent with the idea that drug trapping plays an im- 
portant role in recovery from methadone block. This is- 
sue  will  be  explored  in  more  detail  in  a  later  paper 
(Horrigan, F. T., and W. F. Gilly, manuscript in prepa- 
ration). 
Methadone Block Interferes with K  Channel Inactivation 
Results  in  Fig.  6  demonstrated  that in  cells which  ex- 
hibit significant K + channel inactivation, I X, evoked by 
a  20-ms  depolarization  continues  to  decline  after  the 
establishment of block equilibrium. This observation is 
consistent with the idea that methadone  binding does 
not affect the  ability of K channels  to enter an inacti- 
vated state. However, if methadone has no effect on K 
channel  inactivation  then  IK recorded  in  methadone 
should  continue  to  decline  during  long  depolariza- 
tions. The following section presents data showing this 
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FIGURE  9.  Recovery  of IK  from 
methadone  block is slow and de- 
pendent  upon  holding  potential. 
(A)  I  K evoked at  +70 mV in  the 
presence  of 200  tzM  (-)metha- 
done using the illustrated double 
pulse procedure for a recovery in- 
terval (At) of 5,600 ms at a holding 
potential  of  -90  mV  (100K// 
100K). (B) From the same experi- 
ment,  superimposed  currents 
evoked by test pulses after 200 ms 
recovery intervals at  -70 or  -90 
mV  (as  indicated)  demonstrate 
that recovery is slower at more hy- 
perpolarized holding potentials. 
not to be  the case and indicating that the  model pre- 
sented in Fig. 6 must be modified in order to account 
for the  effects of methadone  on I  K during prolonged 
depolarizations. 
Fig.  10  A shows I  K evoked by 300  ms  pulses  in  the 
presence and absence of 200 ~M methadone. The con- 
trol record exhibits strong inactivation and the decay of 
IK is approximated by a time constant of 46 ms (fit with 
model A' diagrammed in  Fig.  10  B).  This  model is  a 
simple extension of the one developed in conjunction 
with Fig. 6 A and accounts for incomplete inactivation. 
In the presence of methadone, IK declines much more 
rapidly and  quickly  (2  ms  time  constant)  reaches  the 
blocked-equilibrium  level  predicted  by model  B'  (fit 
B'). I~ then continues to decay more slowly to a steady 
level as drug-blocked channels inactivate  (OB ---) IB), a 
feature previously discussed in conjunction with Fig. 6 
B (model C). The time course of this secondary decline 
in IK matches neither that of control IK (i.e., normal in- 
activation)  nor that of fit C' calculated with model C' 
(Fig.  10 B)  for methadone block which accurately de- 
scribes the decline of I  k for only the first 25 ms (Fig. 10 
A,  arrow).  Both  control  IK and  fit  C'  decline  by over 
60%  as  K  channels  inactivate  during  the  period  be- 
tween  25 and 300 ms.  Such a  large, slow decline in I~ 
clearly does not occur in  the presence of methadone. 
This  means that although drug-blocked channels  can 
inactivate  and  enter  IB after  a  strong depolarization, 
there  is  little  increase  in  the  number  of inactivated- 
blocked channels after the first 25-50 ms. 
This behavior can be accounted for by a simple mod- 
ification  of model  C'  (Fig.  10  B)  that  selectively  in- 
creases  the  rate  constant  of the  IB  ~  OB  transition 
(model D' in Fig. 10 B)  resulting in decreased stability 
of the inactivated-blocked  (IB)  state with little  change 
in the initial rate of entry into this state. The IK record 
in methadone of Fig. 10 A is fit very well  (fit D') by as- 
suming the IB ~  OB rate (e) is 12 times larger than the 
I ~  O rate (~). This modification has little effect on the 
fit to the initial 25 ms of the drugged IK trace. This can 
be seen by comparing fits C' and D' in Fig.  10 A and 
demonstrates  that  transitions  leaving  the  inactivated 
states can be ignored during brief depolarizations. Pos- 
sible  transitions  between  inactivated  states  (I and  IB) 
do not alter these general conclusions and were not in- 
cluded in the model. 
Model  D'  as  described  above  predicts  that  in  the 
presence of 200  ~M  methadone most nonconducting 
channels  are  in  the  open-blocked  (OB)  state  rather 
than  the  inactivated  (I)  or  blocked-inactivated  (IB) 
state after a prolonged depolarization. This prediction 
was tested by exploring differences in the kinetics of re- 
covery from block and recovery from inactivation. 
Although  recovery  from  inactivation  is  slowed  at 
more depolarized holding potentials (unpublished data), 
recovery from methadone block is accelerated at more 
depolarized potentials (Fig. 9) and in high external K +. 
Thus, in 200 mM external K  + at a holding potential of 
-70 mV, recovery from drug block by 200 ~M metha- 
done  following a  20-ms depolarization  is  quite  rapid, 
and significant recovery occurs during an 8.5-ms inter- 
pulse interval.  (Fig. 11 A; compare ~s[20] with lpz[20]). 
Under the  same  conditions, but in  drug-free solution 
recovery from  inactivation  after  a  300-ms  depolariza- 
tion  is  much  slower,  and  little  or no  recovery occurs 
with  an  8.5  ms  recovery interval  (Fig.  11  B;  compare 
Iss[300] with /p21300]).  Furthermore,  Fig.  11  A shows 
that  recovery of IK  after  a  300-ms  depolarization  in 
methadone is as fast as recovery from the 20 ms depo- 
larization. This result is examined in more detail in Fig. 
11  C which plots the time course of recovery for a simi- 
lar experiment with a holding potential of -50 mV. Re- 
cover  T  after  a  300-ms  depolarization  in  methadone 
(filled  circles)  follows the  time course of recovery from 
methadone  block produced by a  short  (26  ms)  pulse 
(open circles)  and is clearly distinct from the time course 
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FIGURE 10.  Methadone  block  in- 
terferes  with  K  §  channel  inactiva- 
tion.  (A) I  K evoked by a 300-ms de- 
polarization to + 70 mV in the pres- 
ence  and  absence  (control) of 200 
p.M  methadone  (200K//200K). 
Control current is approximated (fit 
A')  by  a  model  (B,  diagram  A') 
which extends that used in Fig. 6 B 
to include a rate (8) from the inacti- 
vated state (I) to the open state (O), 
an  adjustment  necessary  to  fit  IK 
(300 ms). Diagrams B' and C' (cor- 
responding to fits B',C')  represent 
alternative models of block incorpo- 
rating control  rates  of inactivation 
and 8 both fail to reproduce the ki- 
netics of IK in the presence of drug. 
However,  the  data was well  fit  (fit 
D') by a model (diagram D') which 
assumes that the rate describing the 
transition from IB to OB  (e)  is  12- 
fold  larger  than  the  control  rate 
from 1 to O  (8). The rate constants 
are (in ms  1): 0r  = 9,0, c~' =  1.4, "y = 
0.009,  3  =  0.004,  ~  =  0.048,  L  = 
0.078, K = 3.0 ms  -1 mM-h 
of recovery from inactivation (triangles). Thus,  1K recov- 
ery after a  prolonged  depolarization in  methadone  is 
determined  by recovery from  the  open-blocked  (OB) 
state rather than by recovery from an inactivated state. 
This  result  is  consistent  with  the  notion  that  metha- 
done  block  destabilizes  the  inactivated  state  of the  K 
channel. 
Stereospecificity of lK Block 
The  stereo-isomers  of methadone  exhibit an  interest- 
ing difference in their ability to block IK that is evident 
upon  comparing  records  obtained  during  successive 
application each  drug at  100  ~M  concentrations  (Fig. 
12  A).  Under  these  conditions  the  time  constant  of 
block  (describing the  exponential  decline of Ix)  is in- 
distinguishable  for  the  two  isomers,  however  steady 
state  current  recorded  in  (+)methadone  is  greater 
than  that in  (-)methadone.  Comparison of the steady 
state  block  produced  by  (+)-  and  (-)-methadone  at 
100  and  200  ~M  concentrations  indicated  that  (+) 
methadone  exhibits a  2.1  -+  0.2-fold greater apparent 
KD than  (-)methadone  (N =  2  cells). The  kinetics of 
block suggest that the  on  rates  (K)  for these  two  com- 
pounds  are  similar since,  at  this  drug  concentration, 
the time constant of block {'r =  1/(K[drug]  +  L)} is pri- 
marily determined  by  K.  Fits  to  the  data  in  Fig.  12  A 
confirm that  (+)- and  (-)-methadone  differ primarily 
in their rates of unblock (L). 
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Temperature Dependence  of l~ Block 
Methadone  block of IK exhibits a  significant tempera- 
ture  dependence  (Fig.  12  B).  Control  currents,  mea- 
sured at 10 and 20~  (in the same cell) show a speeding 
of activation  and  inactivation  kinetics with  increasing 
temperature, however, peak IK is essentially unchanged. 
Matching  traces  recorded  in  the  presence  of 100  p,M 
(-)methadone  show a decrease in the time constant of 
block and  an  enhancement  of steady state  block with 
increased temperature.  Further analysis of block kinet- 
ics indicated by the fits to IK in Fig. 12 B reveals that the 
rates of block  (K)  and unblock  (L)  increase by factors 
of 2.1  and  1.4,  respectively, as temperature  is elevated 
from  10 to 20~  Based on this experiment, the K D for 
block  decreased  1.5-fold  over  this  temperature  range 
(from 40 to 26 p~M).  The time constant of block in this 
and other experiments was observed to decrease expo- 
nentially  with  temperature  with  a  Q10  of  2.0  -+  0.1 
(mean  +  SEM,  N  =  3  cells). These  results are consis- 
tent with  the experiment  in Fig.  12 B  and support the 
idea that the rate K is temperature sensitive. 
Methadone Blocks I  K in GH3 Cells and Chick Myoblasts 
It is conceivable that the  direct interactions of metha- 
done with K channels described thus far are unique  to 
K channels in squid neurons. This possibility was tested 
by examining the effect of methadone  on IK in a  rat pi- A 
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FIGURE  ] 1.  Recovery  from 
block/inactivation.  Recovery  of 
peak  current  is  shown  using  a 
double  pulse  protocol  under 
conditions ((400K//400K), HP = 
-70  mV)  which favor rapid re- 
covery from  block and  slow re- 
covery  from  inactivation.  (A) 
During a  depolarization in  200 
p~M  methadone,  IK  reaches  a 
steady state by 20 ms. The right 
half of the figure shows I  K at the 
end  of a  20-ms  pulse  (Iss[20]) 
and at the end of a 300-ms pulse 
(Iss[300]) followed by IK elicited 
in each case by a test pulse after a 
brief recovery interval (8.5  ms). 
A similar amount of peak IK (Ip2) 
recovers in both cases. (B) Shows 
a  set  of analogous  records  for 
control  IK  (no  methadone) 
which  inactivate by >50%  over 
300 ms and show no recovery af- 
ter an 8.5-ms interval. (C) Recov- 
ery data obtained as indicated in A and B are compared by plotting the quantity 1-(/p2-  Iss  ) / (Ipl -/ss) vs recovery interval. Currents were re- 
corded in (200K//200K) with Hp =  -50 mV. Recovery in methadone following a 300-ms depolarization (@) shows the same time course 
as recovery from block measured after a 26-ms pulse (O) and is clearly distinct from the time course of recovery from inactivation mea- 
sured before application and after washout of methadone (A). 
tuitary cell line (GH3)  and in primary cultures of chick 
skeletal myotubes. In GH3 cells, as in squid neurons, I K 
evoked  at  +60  mV  was  blocked  in  a  time-dependent 
manner  during a  depolarization in the presence of 50 
p~M  (-)methadone  (Fig.  13 A). If the  model  of block 
developed for squid neurons is assumed to be valid, an 
apparent K D of 22  -+ 7 p~M (SE, n  =  8 cells, t =  20~  is 
obtained based upon  the action of 10 to 50 p~M metha- 
done. Similarly, in chick myoblasts, the effect of 50 p~M 
(-+)methadone on steady state IK indicates an apparent 
K D of 20  +  4  p~M (SE, n  =  2,  1 cell, +40 mV, 20~  Al- 
though  the  mammalian  or avian K D values cannot  be 
accurately  assessed  from  this  limited  analysis,  these 
rough indications of KD are similar to more reliable val- 
ues obtained for squid at the same temperature  (KD  = 
26 tiM for (-)methadone  at 20~  in Fig. 12 B). 
IK Is Blocked by Propoxyphene and Norpropoxyphene 
Effects  of the  methadone-like  drug,  D-propoxyphene, 
and  its  major  metabolite  norpropoxyphene  were  also 
examined  on  IK in  squid  neurons  and  in  GH3  cells. 
Both  drugs  induced  time  dependent  block similar to 
that produced  by methadone  and the effect of norpro- 
poxyphene  on  squid I K is shown  in Fig.  13  B.  The  ap- 
parent KDS for steady state block in squid neurons were 
estimated from several experiments  using  50-200  p~M 
drug concentrations  to be  54  +  10  o~M  (SE,  n  =  5,  4 
cells)  and  43  -+  11  p~M  (SE,  n  =  3,  2  cells)  for  pro- 
poxyphene  and  norpropoxyphene,  respectively  (+60 
mV,  10~  In  GH3  cells  the  apparent  KD  for  pro- 
poxyphene was estimated to be 31  +  1 p~m (SE, n  =  4, 2 
cells, +60 mV, at 20~  based upon the action of 20 or 
40  p~M  drug.  Again,  the  same  model  developed  for 
methadone  was  assumed  to  be  applicable,  and  these 
values can only be taken as approximations. 
DISCUSSION 
The present study demonstrates that methadone  blocks 
IK, INa, and /Ca in squid neurons.  K + current is blocked 
with an apparent KD of 32  +-- 2  p~M  (at +60 mV,  10~ 
and  Na  +  current  is similarly sensitive  (IC50  =  50-100 
~M,  at +10 mV) while Ca  2+ current exhibits a IC50 be- 
tween 200 and 500 ~M (+10 mV). 
The  mechanism  of IK block was  examined  in  detail 
and involves a  direct interaction of methadone  with K 
channels rather than an opioid receptor coupled path- 
way. Methadone  is a  tertiary amine, structurally similar 
to  both  local  anesthetics  (LA)  and  (in  its  charged 
form)  to  quaternary  ammonium  ions  (QA).  In  line 
with this structural similarity, IK is reduced during a sin- 
gle depolarization in a  time dependent  manner  that is 
well described by the model of open channel block de- 
veloped by Armstrong (1971)  to describe the effects of 
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FIGURE 12.  Methadone block of/K is 
stereospecific  and temperature depen- 
dent. (A) Control current, at +60 mV, 
is  compared  to  IK evoked  during se- 
quential application of 100 ~M (-) and 
(+)  methadone  (10K//100K). Fits to 
the  data  (corresponding to  model C, 
Fig. 6 B) are superimposed on the cur- 
rent  traces.  Rate  constants  are  (in 
ms-l): a  =  9.0, a'  =  1.3, ~/  =  0.009; 
(-)methadone: K =  2.2 ms  -l mM  -1, 
L =  0.062  ms-l;  (+)methadone: K = 
2.3 ms  -I  mM -1, L  =  0.142  ms-L  (B) 
The  temperature  dependence  of  IK 
block by methadone is shown by com- 
paring effects  of  100  I~M  (-)metha- 
done at 10 and 20~  Currents were evoked at +60 mv (10K//50K). The control record, at 10~  was obtained immediately  before applica- 
tion of methadone. Drug traces were obtained during a single drug application, before and after raising the temperature to 20~  The con- 
trol at 20~  was obtained after washout of drug from the external solution. Fits to the data (corresponding to model C, Fig. 6 B) are 
superimposed on the current traces. Rate constants are (in ms-l): c~ = 9, 0t' = 0.9, ",/= 0.002, L = 0.060, K =  1.5 ms  -1 mM-L (10~  c~ = 
21, ~x' = 2.2, ~/= 0.006, L = 0.084, K = 3.2 ms  -l mM  -t (20~ 
internally applied  QA.  The  pH  and  voltage  depen- 
dence of IK block and the effectiveness of internally ap- 
plied  ~methyl-methadone  suggest  that  methadone 
permeates the cell membrane and blocks K channels at 
the  internal QA-site. Consistent with  this scheme,  the 
slow kinetics and strong voltage dependence of recov- 
ery from block are  similar to  those described for QA, 
and the  rate  of unblock (L)  and recovery from block 
are accelerated by increases in external K +.  Taken to- 
gether these results indicate that methadone block of 
IK in squid neurons does not involve interaction with an 
opioid receptor but rather a  direct occlusion of the K 
channel pore. 
The ability of methadone to block Iya and/Ca also ap- 
pear consistent with a  mechanism involving direct LA- 
or  QA-like  interaction  of  the  drug  with  Na  and  Ca 
channels. INa is blocked without apparent kinetic alter- 
ation or voltage dependence, similar to  "tonic" block 
by LA molecules. Repetitive depolarization induces an 
additional  20%  decrease  in  IN  a,  consistent with  use- 
dependent  (phasic)  LA block. /Ca is also blocked with- 
out apparent change in kinetics but with a marked volt- 
age  dependence. /Ca  evoked at the  smallest activating 
depolarizations in Fig. 3 are not appreciably affected by 
methadone,  suggesting  that  Ca  channels  are  not 
blocked at rest.  However, /Ca is blocked more strongly 
during larger depolarizations. The voltage dependence 
of block appears roughly coincident with /Ca activation 
suggesting that Ca channels, like K  channels, may be 
blocked from an open state.  However further experi- 
ments would be required to resolve this issue. 
Although the  mechanism of INa  and /Ca block were 
not examined in detail, several lines of evidence sup- 
port the idea that the ability of methadone to block INa 
and/ca as well as IK do not involve opioid receptor cou- 
pled pathways.  Morphine, a  p,-opioid agonist, had  no 
effect on I K, INa, or/Ca in squid neurons, and naloxone, 
an opioid antagonist, did not prevent I  K block by meth- 
adone. These results indicate that the observed actions 
of methadone do not involve p,-opioid receptors but do 
not immediately rule out the possibility that other opi- 
oid receptors  (n- and B-)  might be involved. Previous 
studies  indicate  that  methadone  binds  to  p~-, K-  and 
B-receptors with dissociation constants of 4.2 nM,  15.1 
A  B 
Control 
Methadone  30 ms  Norpropoxyphene  30 ms 
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FIGURE 13.  (A) I  K  evoked by a 30-ms depolariza- 
tion to +60 mV in a GH3 cell is blocked in a time- 
dependent manner after application of 50  I~M 
( - )  methadone. (B) I  K  evoked by a 30-ms depolar- 
ization to  +40  mV in a  squid  GFL  neuron is 
blocked by 50 I~M norpropoxyphene. nM, and 1.63 p,M respectively in guinea pig brain (Mag- 
nan et al.,  1982). However, the involvement of K- and 
g-receptors seems unlikely since morphine and nalox- 
one also bind to these receptors with similar or higher 
affinity than  methadone  (in guinea pig).  In addition, 
the  half-blocking concentration for methadone  block 
of I K, INa, and Ica in our experiments  ("-'30-500 tzM at 
10~  far exceed the dissociation constants for metha- 
done at opioid receptors (0.004-1.6 p,M). This dispar- 
ity in sensitivity suggests that the effects of methadone 
on squid neurons do not involve opioid receptors. Al- 
though it is conceivable that opioid receptors in squid 
(if they exist) might have a much lower affinity for metha- 
done  than  do  mammalian  receptors,  this  possibility 
seems unlikely to account for the relatively low sensitiv- 
ity of K + channels to methadone because methadone is 
similarly effective at blocking IK in  squid,  mammalian 
(GH3) and avian (chick myocyte) preparations. 
Mechanism of  I K Block: Structure-Function Relationships 
Previous studies of I  K block by internally applied, long 
chain QA ions have concluded that block by these com- 
pounds involves two distinct binding interactions. The 
charged  QA  headgroup,  is  thought  to  enter  and  oc- 
clude  the  pore,  while  the  hydrophobic  tailgroup  of 
these molecules interacts with the inner mouth of the 
channel.  Changes  in  either  group  can  alter  binding 
(Armstrong, 1971; Swenson, 1981; Choi et al., 1993). 
In  comparison  with  these  previously  studied  com- 
pounds,  methadone and 2~gmethyl-methadone are un- 
usual  in  that  they  are  potent  blockers  despite  their 
small dimethyl- or trimethyl-amine headgroups. For ex- 
ample,  internal  tetramethyl  ammonium  blocks  IK  in 
squid axons much less effectively (KD =  180 mM)  than 
does tetraethyl ammonium (TEA) (KD =  1 mM)  (French 
and Shoukimas,  1985).  Similarly, long chain trimethyl 
amines  studied  by  Armstrong  (1971)  and  Swenson 
(1981) were relatively ineffective in comparison to anal- 
ogous triethyl and tripropyl amines. The most effective 
trimethyl amines were those with aromatic tail groups. 
These results suggest that the relatively high affinity of 
methadone is likely to be due to interactions of the K + 
channel with  the  extensive  aromatic  tail  of the  drug 
rather than with  the  dimethylamine head group. The 
temperature dependence and stereospecificity of meth- 
adone block may therefore reflect characteristics of this 
interaction. 
The temperature dependence of block suggests that 
the binding of methadone to the K channel is not a dif- 
fusion limited process. The rate of block (K) was found 
to increase significantly with temperature  (Qa0 =  r 
whereas diffusion of symmetrical QA ions exhibits a Q0 
ranging  from  1.12  to  1.19  (Robinson  and  Stokes, 
1970). This temperature dependence is consistent with 
the idea that methadone binding might be limited by a 
hydrophobic interaction between the tailgroup and the 
channel. Similarly, Swenson (1981) found that IK block 
by some long chain QA derivatives is  highly tempera- 
ture dependent. 
Stereoisomers of methadone differ in their ability to 
block  steady  state  IK with  the  (+)  form  exibiting  a 
higher apparent K  D than the (-)  form. This difference 
mainly reflects a  higher  rate  of unblock  (L)  for  (+) 
methadone. Opioid receptor mediated effects of meth- 
adone also exhibit a greater potency for the  (-)-form 
of the drug. However, the difference in apparent KD at 
opioid  receptors  is  8-50-fold  (Leimbach  and  Eddy, 
1954;  Sullivan et al.,  1975; Jaffe and  Martin,  1990)  as 
opposed  to  only  about  a  twofold  for  the  effect  de- 
scribed here. This modest stereospecificity is not incon- 
sistant with the proposal that methadone directly blocks 
K + channels since some local anesthetics exhibit a simi- 
lar degree of stereospecificity in their interaction with 
Na  channels  (Clarkson,  1989; Wang,  1990).  The  (+) 
and  (-)  forms of methadone  differ in  their arrange- 
ment about a chiral carbon that is located between the 
putative head and  tail groups of the  molecule  (Fig.  1 
f~. Thus, the effects of these sterioisomers on IK may re- 
flect a difference in the relative orientation of the head 
and tail groups that, in turn, affects the ability of either 
or  both  of these  groups  to  bind  to  the  K +  channel. 
Choi et al.  (1993)  have determined that the head and 
tail group binding of long chain TEA derivatives is not 
strictly independent,  consistent with  the idea that  the 
conformation of the region that links the head and tail 
may affect the ability of these binding determinants to 
simultaneously interact with their binding sites. 
Inactivation and Block 
Methadone  block  and  K  channel  inactivation  were 
found to interact in an interesting manner. A series of 
increasingly complex models are presented in Figs. 4, 
6,  and  10  in  order  to  describe  the  time  course of IK 
evoked during short (20 ms)  and prolonged  (300 ms) 
depolarizations  in  methadone.  In  cells  that  exhibit 
minimal  inactivation  (Fig.  4),  currents  recorded  in 
methadone can be fit by a simple model of open chan- 
nel block. In 200 IxM methadone, IK is rapidly blocked 
during  a  20-ms  depolarization  and  attains  a  steady 
state, representing block equilibrium. However, in cells 
that display significant inactivation, Ik continues to de- 
cline after the establishment of predicted block equilib- 
rium  and  attains  a  steady  state  level  only  after  pro- 
longed depolarization  (>50  ms).  The magnitude and 
kinetics of the initial decline below block equilibrium 
are consistent with the assumption that both open and 
drug-blocked channels inactivate at the same rate dur- 
ing the first 20 ms of a depolarization  (Fig. 6). On the 
other  hand,  establishment  of a  steady  state  current 
level within 50 ms  (Fig. 10) suggests that inactivation is 
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during a 300-ms pulse. To resolve this apparent contra- 
diction,  we  propose  that whereas  methadone-blocked 
channels  (OB)  inactivate to a blocked-inactivated state 
(IB)  at a  normal rate,  the  reverse transition  from the 
inactivated  to  the  noninactivated  state  is  accelerated 
when  the  channel  is drug blocked.  By enhancing  the 
reverse  transition,  methadone  shifts  the  equilibrium 
between OB and IB toward the OB state and effectively 
inhibits inactivation. The time constant for this equilib- 
rium is inversly proportional to the sum of the forward 
and reverse rate constants and is, therefore, reduced by 
methadone. Consequently, equilibrium is achieved rap- 
idly and an overt sign of inactivation is only visible dur- 
ing the first 50 ms or so of a  depolarization in metha- 
done.  During  a  20-ms depolarization,  when few chan- 
nels  have  entered  the  IB state,  the  IB  to  OB  rate  is 
unimportant  and  inactivation  is determined  primarily 
by the rate from OB to IB. A model based on this pro- 
posed mode of action fits the entire time course of I K 
evoked during a  300-ms pulse  (Fig.  10).  Furthermore, 
the rapid recovery of IK after a 300-ms depolarization in 
methadone (Fig. 11) provides independent support for 
the  conclusion  that methadone  block destabilizes  the 
inactivated state. 
One  factor  that  may limit  our  ability  to  provide  a 
quantitative assessment of the effect of methadone  on 
inactivation is the possibility that IK represents a hetero- 
geneous  population  of channels.  Multiple  K  channel 
types have been described in GFL neurons and in squid 
axons based on single-channel conductance  (Nealey et 
al.,  1993;  Llano et al.,  1988). Although  detailed activa- 
tion and inactivation properties of these channels and 
their relative expression levels are unknown,  a consen- 
sus exists that a single type of 20 pS K + channel under- 
lies  the  bulk  of macroscopic  "delayed  rectifier"  I  K in 
both axons (Perozo et al., 1991)  and cell bodies (Llano 
and Bookman, 1986; Nealey et al., 1993). Analyses pre- 
sented in this paper are based on the assumption that 
K +  channels  in  GFL neurons  are  a  single  population 
with uniform activation kinetics, drug affinity and inac- 
tivation rates. The ability of the model to fit the kinetics 
of activation and block of IK lends  support to the first 
two assumptions. However, variability in the degree of 
inactivation  seen from cell  to  cell  suggests  that chan- 
nels with  different  inactivation  properties might exist 
and the basis for incomplete inactivation of IK in squid 
is  not  known  (Perozo  et  al.,  1991).  Although  uncer- 
tainty as to the degree of non-inactivating versus incom- 
pletely inactivating K + channels does exist, all channels 
appear  to  be  equally  sensitive  to  methadone,  as  evi- 
denced by a linear Hill plot over a large concentration 
range (Fig. 4  C). Morever, the fraction of IK blocked by 
methadone was not dependent on the amount of inac- 
tivation  in  any given  cell.  If all  channels  are  equally 
blocked by methadone, then general lines of reasoning 
followed here are still valid, but quantitative details de- 
rived from analysis of IK kinetics during  300-ms depo- 
larizations  may require  modification.  For  example,  if 
control  IK is  assumed  to  represent  a  mixture  of non- 
inactivating and completely inactivating channels then 
the  data in Figs.  6  and  10 are still best fit by a  model 
which  assumes  that  methadone  speeds  the  IB to  OB 
transition  (for  the  inactivating  channels)  without  af- 
fecting the  OB to IB rate. However, both control and 
methadone-blocked inactivation rates would differ from 
those used in Fig. 10. 
The effect of methadone on K + channel inactivation 
is interesting for several reasons.  Open channel block 
of K channels at the internal  QA site has been closely 
compared to the inactivation process and inspired the 
"ball and chain" model of inactivation  (Armstrong and 
Bezanilla,  1977).  This model has been verified in  the 
case of Shaker K + channels where an NHz-terminal do- 
main of the channel protein forms an inactivation par- 
ticle that can block the inner mouth of the open pore 
much like QA ions  (Hoshi et al.,  1990).  Indeed inter- 
nally  applied  TEA  slows  this  N-type  inactivation  as 
though  QA ions and the inactivation particle compete 
for a  common binding site  (Choi et al.,  1991).  C-type 
inactivation  in  K  channels,  on  the  other  hand,  is 
thought to involve the outer mouth of the pore and is 
unaffected by internal TEA. Thus, the ability of metha- 
done to inhibit inactivation of IK, together with metha- 
done's internal site of action, suggests that inactivation 
of squid  K +  channels  during  300-ms  depolarizations 
may involve the inner mouth of the pore. 
In contrast to the action of internal TEA on Shaker K 
channels,  the effect of methadone on inactivation can 
not be accounted  for by a  simple competition model. 
In other words,  methadone  binding  does not prevent 
inactivation but rather destabilizes the inactivated state. 
The  selective effect of methadone  on  the  inactivated- 
blocked  (IB) to open-blocked (OB)  transition suggests 
that inactivation  and the  reverse transition  may repre- 
sent  processes  that  involve  distinct  binding  interac- 
tions. This idea is consistent with studies of the Shaker B 
potassium channel which indicate that alteration of res- 
idues in a hydrophobic domain of the amino terminal 
inactivation  particle  can  alter  the  rate  of inactivation 
particle dissociation without effecting its on-rate  (Zag- 
otta  et  al.,  1990).  Isakov et  al.  (1991)  found  similar 
results when hydrophobic residues in the intracellular 
$4-$5 linker were mutated and proposed that these res- 
idues formed part of a receptor for the inactivation par- 
ticle.  It is tempting to speculate  that the  hydrophobic 
tailgroup of methadone may interfere with the binding 
of an inactivation particle to such a hydrophobic bind- 
ing site in the inner mouth of the channel and in this 
way destabilizes the inactivated state. 
257  HORRIGAN AND GILLY Implications Toward Drug Toxicity 
An important question is whether nonopioid block of 
K + channels by methadone or propoxyphene contrib- 
utes to the clinical side effects of these drugs. Mthough 
the  present study does not directly address  this issue, 
our results taken  together with previous findings sug- 
gest that such a  contribution may be possible for pro- 
poxyphene  but  is  less  likely for  methadone.  Metha- 
done, as detailed above, exhibits a KD for opioid recep- 
tor binding that is in the nanomolar to low micromolar 
range, well below the apparent KD for K + channel block 
observed in squid neurons, GH3 cells or chick muscle 
(20-26 ~M at 20~  +60 mV). Consequently, opioid re- 
ceptor mediated effects of methadone, including side- 
effects unrelated to analgesia, would occur at drug con- 
centrations  that  are  insufficient  to  induce  direct  K + 
channel  block.  In  fact,  the  majority  of methadone's 
side effects are reported to be similar to those of mor- 
phine  and  are reversed by opioid antagonists  such as 
naloxone  (Jaffe and  Martin,  1990).  In  contrast,  pro- 
poxyphene can induce nonopioid cardiotoxic effects in 
addition to opioid receptor-mediated side effects (Bar- 
raclough  and  Lowe,  1982;  Amsterdam  et  al.,  1981; 
Heaney,  1983;  Sorensen  et  al.,  1985;  Strom  et  al., 
1985).  Mthough  our  results  indicate  that  propoxy- 
phene  and  methadone  are  similar  in  their  ability  to 
block IK in squid neurons and in GH3 cells, propoxy- 
phene is a relatively weak opioid receptor agonist with 
an  analgesic  potency 20  to  40  times  less  than  that  of 
(-)methadone  (Robbins,  1955).  Thus,  in  contrast  to 
methadone, propoxyphene may be capable of binding 
to  opioid  receptors and  K +  channels  at similar  drug 
concentrations;  thereby raising  the  possibility that K + 
channel block might contribute to the the clinical side 
effects of propoxyphene. 
Several lines of evidence suggest that drug concentra- 
tions achieved in mammals during propoxyphene poi- 
soning may approach levels that are sufficient to block 
K + channels in  squid  neurons  or GH3  cells. We  esti- 
mate that Ko's for K + channel block by propoxyphene 
and  norpropoxyphene are  ~50  and  ~40  ~M  respec- 
tively in squid neurons at  10~  and ~30  IxM for pro- 
poxyphene  in  GH3  cells  at  20~  In  addition,  the 
temperature  dependence  of  IK  block  exhibited  by 
methadone and by a variety of QA compounds  (Swen- 
son, 1981) suggests that our measurements may under- 
estimate the efficacy of propoxyphene at 37~  In com- 
parison,  plasma  concentrations of propoxyphene and 
its major metabolite norpropoxyphene associated with 
lethality have been reported to fall generally between 
2.5 to 25 I~M in humans  (Finkle et al., 1976; Caplan et 
al., 1977). Similarly, in vitro studies of propoxyphene's 
effect  on  canine  purkinje  fiber  action  potentials 
achieve half maximal effects at concentrations of ~20 
to  60  IxM  (Holland  and  Steinberg,  1979).  It is  likely 
that  the  ability of propoxyphene to directly block Na 
channels is at least in part responsible for the non-opi- 
oid  effect  of  propoxyphene  on  cardiac  excitability 
(Whitcomb et al.,  1989). However, it is difficult to pre- 
dict, a priori, how a combination of INa, Ik block by pro- 
poxyphene might effect the highly complex cardiac ac- 
tion potential and it is, therefore, uncertain whether or 
not  previously reported  effects  of propoxyphene  on 
cardiac  action potentials  (Nickander et al.  1979;  Hol- 
land and Steinberg,  1979)  are also consistent with an 
effect of the drug on I x. 
Mthough additional studies would be required to de- 
termine whether K + channels in cardiac tissue are suffi- 
ciently sensitive to propoxyphene to play a role in toxic- 
ity, the mechanism of block suggests that such a possi- 
bility  merits  consideration.  We  find  that  methadone 
blocks IK in squid neurons, GH3 cells, and chick myo- 
blasts with similar effectiveness, indicating that this ac- 
tion is not specific to K channels in squid. This appar- 
ent  lack  of tissue  specificity may reflect methadone's 
proposed action at the internal QA site since sensitivity 
to QA ions or local anesthetics is a common feature of 
many K channels including those in cardiac tissue (Car- 
meleit et al., 1986; Courtney and Kendig, 1988;Joseph- 
son, 1988; Ono et al., 1989; Orito et al., 1994). 
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